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Abstract
This paper formulates a novel integrated measure for energy market efficiency, by investigating different perspectives of 
the market performance. Different from most existing models focusing on certain one perspective, the integrated measure 
especially takes all aspects into consideration, including self-similarity (or system memorability or long-term persistence) in 
terms of fractality, attractor properties in phase-space in terms of chaos, and disorder state of data dynamics in terms of 
entropy. In the proposed method, the most popular data analysis techniques of multi-fractal detrended fluctuation analysis, 
correlation dimension and sample entropy are respectively conducted on the market return data to capture the corresponding 
features; and then, the entropy weight method is used to generate the final integrated index. For illustration and verification, 
the proposed measure is applied to two typical energy markets, i.e., crude oil and carbon markets. Some interesting results 
can be found that the crude oil market (a comparatively mature and competitive market) can be shown more efficient than 
carbon market (an emerging market). Furthermore, the novel method can also offer much more information about the 
corresponding contribution of each aspect to the total efficiency.
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1. Introduction
Confronted with the double problems of energy shortage and environment deterioration, the energy market 
has played an increasingly predominant role in global economic system; and an efficient energy market can 
effectively help guarantee a sustainable economic development [1]. In particular, an energy market is said to be 
efficient if the relevant information to the fundamental price generation is completely processed by the capital 
market price mechanism, thus the energy market efficiency accentuates the informational efficiency of energy 
markets [2]. An achievement of the ideal efficient energy market, enabling efficient allocation of resources, 
thus ensures the rapid economic development. 
According to the existing literature, the market efficiency is measured by some complexity testing methods, 
the more complex the market, the more efficient the market is. Based on different features, the complexity 
measurements for time series data can be divided into three main groups, i.e., fractality [3] (mono- or multi-
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fractality) for self-similarity (or system memorability or long-term persistence), chaos [4] (via attractor 
invariants or diagram descriptions) for attractor properties in phase-space, and entropy [5] (structural or 
behavioral entropy) for disorder state of the nonlinear system. In particular, a weaker self-similarity, a more 
complex structure of attractor, and a higher-leveled disorder state of system consistently indicate that the 
observed time series data are at a higher-level of complexity.
The main contribution of this paper is to formulate a novel integrated measure for energy market efficiency, 
including crude oil and carbon markets. The remainder of this paper is organized as follows: Section 2 
describes the framework of efficiency measure scheme and details the concrete approaches. For illustration 
purpose, the two energy markets are analyzed by the proposed method, and the empirical results are discussed 
in Section 3. Section 4 draws some concluding remarks and outlines the future researches.
2. Methodology formulation
In the first step, the complexity of series is analyzed from different perspectives. MF-DFA, a competitive 
fractality analysis method, is implemented to measure the long-term dependence of the time series. Correlation 
dimension, a most popular used fractal dimension index, is adopted to analyze the attractor in phase space. 
SampEn, a robust entropy method, is used to measure the disorder state of the dynamic system. In the second 
step, entropy weight method, an effective weight calculation method is applied to determine the weight of each 
index so as to get the final complexity index. 
2.1. Multi-fractal detrended fluctuation analysis(MF-DFA)
The MF-DFA was proposed by Kantelhardt et al. (2002) [6] for the multi-fractal characterization of non-
stationary time series, which is based on a generalization of the detrended fluctuation analysis (DFA). It can 
show the local characterization by time-varying parameters thus more specific information can be extracted 
from the series. According to the final power-law correlation between the fluctuation function and the scale:
( )( ) h qqF s s: (1)
The generalized Hurst exponents h(q) can be calculated by the least square method. The generalized Hurst 
exponents h(q) far from the disordered level 0.5 and higher the multi-fractality present a strong system 
memorability, i.e., the target data system is at a low-level complexity.
2.2. Correlation dimension
For time series data, the chaos property is tested based on the phase-space reconstruction, by investigating 
the attractor in phase space. Among the various strange attractor invariants, the correlation dimension [7] may 
be the most frequently used. Consider a time series, the reconstructed phase space is given by
( 1){ , ,..., } 1,2,..., ( 1)t t t t mX x x x t N mW W W      (2)
where W is an appropriate time delay and m is an embedding dimension. Then based on the correlation integral, 
the correlation dimension is defined as:
0
log ( )
log
m
m
r
C rD lim
ro
 (3)
The higher the value of the correlation dimension consistently shows a more complex structure that the 
system might take, and the tested data system accordingly demonstrates a higher-leveled complexity.
1310   Huiling Lv et al. /  Procedia Computer Science  55 ( 2015 )  1308 – 1312 
2.3. Sample entropy(SampEn)
Entropy is actually a thermodynamic statistic for describing system disorder. Among various forms,
SampEn [8] as a refinement of approximate entropy [9] is widely used, which can reduce the bias induced by 
self-matches. Practically, the SampEn is estimated by the following statistic:
1( )( , ) log[ ]
( )
m
m
B rSampEn m r
B r

  (4)
As argued by Pincus (1991) [9], m=1, 2 and r=0.1SD(x) ~0.25SD(x) are widely used and validated, where 
SD(x) is the standard deviation of the original time series. Generally, a larger value of entropy refers to a 
complex system at a higher-leveled disorder state.
2.4. Complexity index(CI)
Inspired by the efficiency index (EI) proposed by Kristou and Vosvrda (2014) [10], we consider to construct 
the complexity index so as to compare the complexity among the different energy markets. In this paper, the 
fractality, chaos and entropy can be regarded as three perspectives that contribute to the complexity of the time 
series. The entropy weight method was adopted to get the weight of three perspectives. Finally, the final 
complexity index can be obtained by:
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where 
iw the weight of each is index and ix is the value of the relative index.
3. Empirical results
In this study, the two typical energy markets including West Texas Intermediate (WTI) crude oil and the 
carbon (EU emission Allowance (EUA)) are focused. In particular, the sample data are daily price range from 
April 8th 2008 to July 21th 2014, as shown in Table 1. The EUA futures prices and WTI futures prices are 
from the Quandl website (http://www.quandl.com).
Table 1. Descriptions of testing samples
Time series Frequency Size Unit
WTI Daily 1582 Dollars/barrel
EUA Daily 1583 Eurocents /metric ton
Based on the proposed framework in Section 2, the multi-fractal detrended fluctuation analysis, correlation 
dimension and sample entropy are first used to analyze market return data respectively from different 
perspectives, i.e., the self-similarity, attractor properties and disorder state of the market return data. Finally, 
the entropy weight method is used to generate the final integrated index to compare the efficiency of two 
energy markets.
By multi-fractal detrended fluctuation analysis (MF-DFA), the series of WTI and EUA are tested to possess 
the multi-fractality. Furthermore, the multi-fractality degree of carbon is higher than WTI oil, which indicates 
the strong memorability of carbon market (i.e. market inefficiency). From the perspective of chaos represented 
by correlation dimension, the value of WTI oil series is significantly higher than the carbon time series, which 
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means the market efficiency of crude oil market. Considering the disorder state, the SampEn values of WTI and
carbon series are almost the same, while the carbon series is a little higher, which shows the high-leveled
complexity of the carbon market. 
In order to compare the efficiency of the two typical energy markets, the complexity index is constructed by 
integrating the above three indexes, i.e., Hurst exponent, correlation dimension and SampEn. Firstly, the 
entropy weight method is adopted to determine the weight of the contribution of each index to the final 
complexity, the weight of Hurst exponent, correlation dimension and SampEn is w= [0.454 0.357 0.189]. Then 
the complexity index is calculated to analyze the comprehensive complexity of each market.
Based on the integrated complexity index, it can be obviously found that the crude oil market is relatively 
more complex than the carbon market, as shown in Fig. 1. The reasons might be that the crude oil market is
comparatively mature and competitive. As for the carbon market, it is an emerging market and there is a long 
way to go. 
Fig. 1. Complexity analysis for two time series by complexity index
4. Conclusions
Due to the different perspectives of complexity in time series, this paper formulates a novel integrated 
measure for energy market efficiency based on the concept of hybrid modelling to thoroughly explore the 
efficiency. In the first step, the complexity of data dynamics is analyzed from different perspectives by MF-
DFA, Correlation dimension and SampEn. In the second step, entropy weight method, an effective method to 
calculate the weight, is applied to determine the weight of each index so as to get the final integrated index.
In the empirical study, the two typical energy markets including crude oil and carbon markets are analyzed 
via the proposed method, and some interesting conclusions can be drawn. Generally, the complexity of WTI 
crude oil market is comparatively higher than carbon market, implying the market maturity and efficiency of 
WTI crude oil market. The main reasons lie in that, the crude oil market is comparatively mature and 
competitive. As for the carbon market, it is an emerging market and there is a long way to go. Besides 
complexity of the single time series, the cross-correlation between two or more time series is of great 
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importance. Further, how to utilize the interesting analysis results to improve the model performance is another 
important issue to extend the proposed approach. We will look into these problems in the near future.
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